Traditional optimization changes variables that are available in the design stage to optimize objectives, such as aircraft structural reliability. However, there are many post-design measures, such as tests and structural health monitoring that reduce uncertainty andfurther improve the reliability. In this paper, a new reliability-based design framework that can include post-design uncertainty reduction variables is proposed. Among many post-design variables, this paper focuses on the number of coupon tests and the number of structural element tests. Uncertainty in the failure stress prediction, variability due to the finite number of coupon tests, and uncertainties in geometry and service conditions are studied in detail. The Bayesian technique is used to update the failure stress distribution based on results of the element tests. Tradeoff plots of the number of tests, weight and probability of failure in certification and in service are generated, and finally reliability-based design of future tests together with aircraft structure is performed for minimum lifecycle cost. Nomenclature A = load carrying area (width times thickness) of a small part of the overall structure be ef = bound of associated with failure criterion used while predicting failure in the structural element tests b t = bound of error in the design thickness, e t b w = bound of error in the design width, e w e ef = error associated with failure criterion used while predicting failure in the structural element tests e f = error in predicting failure of the entire structure in certification or proof testec e p = error in load calculation e σ = error in stress calculation e t = error in the design thickness due to construction errors e w = error in the design width due to construction errors DOC = direct operating cost E( ) = expected value (i.e., mean value) k d = knockdown factor at coupon level due to use of conservative (B-basis) material properties k f = additional knockdown factor at the structural level (nominal value is taken as 0.95) n c = number of coupon tests (nominal value is taken as 50) 
Nomenclature
A = load carrying area (width times thickness) of a small part of the overall structure be ef = bound of associated with failure criterion used while predicting failure in the structural element tests b t = bound of error in the design thickness, e t b w = bound of error in the design width, e w e ef = error associated with failure criterion used while predicting failure in the structural element tests e f = error in predicting failure of the entire structure in certification or proof testec e p = error in load calculation e σ = error in stress calculation e t = error in the design thickness due to construction errors e w = error in the design width due to construction errors DOC = direct operating cost E( ) = expected value (i.e., mean value) k d = knockdown factor at coupon level due to use of conservative (B-basis) material properties k f = additional knockdown factor at the structural level (nominal value is taken as 0.95) n c = number of coupon tests (nominal value is taken as 50) n e = number of element tests (nominal value is taken as 3) N a = number of aircraft in a fleet (taken as 1,000) N mat = number of materials for which coupon testing is done (taken as 80) N elem = number of different types of structural elements tested (taken as 100) p = cost saving by reducing the structural weight by one unit P calc = calculated design load P d = true design load based on the FAA specifications (e.g., gust load specification) P f = probability of failure PFCT = probability of failing certification test σ ca = allowable stress (B-basis) from coupon testing σ ea = allowable stress (B-basis) from element testing σ a = allowable stress (B-basis) of the entire structure σ cf = failure stress from coupon testing σ ef = failure stress of the structural element (σ ef ) test = element failure stress measured in tests (σ ef ) calc = calculated (or predicted) element failure stress (σ ef ) upd = updated value of the calculated (or predicted) element failure stress σ f = failure stress of the overall structure σ = stress in a small part of the overall structure S F = the FAA load safety factor of 1.5 t = thickness of a small part of the overall structure v t = effect of variability on the built thickness v w = effect of variability on the built width w = width of a small part of the overall structure Subscripts built-av = average built value that differs from the design value due to errors in construction built-var = actual built value that differs from the average built value due to variability in construction calc = calculated (or predicted) value that differs from the design value due to errors in design design = design value true = true value (error free value)
I. Introduction
HE safety of aircraft structures can be achieved by designing the structure against uncertainty and by taking steps to reduce the uncertainty. Safety factors and knockdown factors are examples of measures used to compensate for uncertainty during the design process. Uncertainty reduction measures (URMs), on the other hand, may be employed during the design process or later on throughout the operational lifetime. Examples of URMs for aircraft structural systems include structural testing, quality control, inspection, health monitoring, maintenance, and improved structural analysis and failure modeling.
In traditional reliability-based optimization, all uncertainties that are available at the design stage are considered in calculating the reliability of the structure (e.g., Refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] ). However, the actual aircraft is much safer, because after design it is customary to engage in vigorous uncertainty reduction activities using various URMs. It would be therefore beneficial to include the effects of these planned URMs in the design process [16] [17] [18] [19] . It may be even advantageous to design the URMs together with the structure; for example, trading off the cost of more weight against the cost of additional tests. It is challenging, though, to model the effect of future URMs in the design process. In this study, we focus on the structural tests as an example of URMs.
There are few papers in the literature that address the effect of tests on structural safety. Jiao and Moan [20] investigated the effect of proof tests on structural safety using Bayesian updating. They showed that the proof testing reduces the uncertainty in the strength of a structure, thereby leading to substantial reduction in probability of failure. Jiao and Eide [21] explored the effects of testing, inspection and repair on the reliability of offshore structures. Beck and Katafygiotis [22] addressed the problem of updating a probabilistic structural model using dynamic test data from structure by utilizing Bayesian updating. Similarly, Papadimitriou et al. [23] used Bayesian updating within a probabilistic structural analysis tool to compute the updated reliability of a structure using test T American Institute of Aeronautics and Astronautics 3 data. They found that the reliabilities computed before and after updating were significantly different. In a previous paper [24] , we aimed to extend the work of these earlier authors in simulating all possible outcomes of future tests, which would allow the designer to design the tests together with the structure.
In [24] we focused on the effects of structural tests on aircraft safety. We investigated in particular the effect of the number of coupon and structural element tests on the final distribution of the failure stress. We assumed that the mean value of the failure stress (mean over a large number of aircraft) is obtained from a failure criterion (e.g., TsaiWu theory [25] ) using the results of coupon tests. The initial uncertainty in this mean failure stress reflects the confidence of the analytical model in this prediction as well as possible error in finite number of coupon tests. The Bayesian technique is then used to update the mean failure stress distribution considering all possible outcomes of future element tests. In addition, there is the variability of the failure stress from one aircraft to another or from one structural component to another. We assumed that this variability is the same as the variability in coupon tests, which holds only for very large number of coupon tests. In the present paper we take into account the error associated with obtaining material properties from a finite number of coupon tests.
The objective of the present paper is to perform reliability-based design of aircraft structure together with the future aircraft structural tests. We assume that besides satisfying a constraint on the probability of failure, the designer needs to satisfy the FAA regulations for deterministic design. In order to reconcile the two requirements, we take advantage of the fact that companies often apply additional knockdown factors to design allowables beyond the FAA requirements. We use thus use a company knockdown factor as a design variable that modulates the tradeoff between cost and safety. We illustrate the generation of response surface plots of the number of tests, weight and probability of failure in certification and in service. The paper is organized as follows. The next section provides the motivation for design of aircraft structures together with future tests. Section III discusses the safety measures taken during aircraft structural design. Section IV presents a simple uncertainty classification that distinguishes uncertainties that affect an entire fleet (errors) from the uncertainties that vary from one aircraft to another in the same fleet (variability). Section V discusses modeling of errors and variability throughout the design and testing of an aircraft, and probability of failure calculation. Finally, the reliability-based optimization results and the concluding remarks are given in the last two sections of the paper, respectively.
II. Design of Aircraft Structures Together with Future Tests
According to current practices, determination of the number of structural tests is based on past experience. However, since structural tests are expensive, there is an incentive to reduce the expenditures for tests without jeopardizing safety. Intuitively, the number of expensive tests such as component tests and element tests can be reduced and the number of inexpensive tests such as coupon tests can be increased. However, before making such decisions, the effects of these tests on aircraft safety need to be assessed.
In this paper, the effect of tests on structural safety is assessed by using Monte Carlo simulation (MCS). It is assumed that the mean value of the failure stress is obtained from a failure criterion using the results of coupon tests. To reflect our level of confidence in the prediction of the failure criterion, an initial uncertainty in the mean failure stress is assumed. Then, Bayesian technique is used to update the mean failure stress distribution considering all possible outcomes of future element tests. In addition, the variability of the failure stress from one airplane to another or from one structural component to another is modeled in the simulations. The uncertainty in the failure stress variability due to the finite number of coupon tests is also modeled in the MCS.
After assessing the effects of tests on safety, simultaneous design of aircraft structures and the number of future tests will be performed for minimum lifecycle cost. The design variables are chosen as the company knockdown factor and the number of coupon and element tests. Response surface models are constructed to relate the design variables to structural weight and structural safety. The response surface models are used to compute the lifecycle cost (the objective function) and the probability of failure (the constraint). These types of models can also be used by structural designers as well as company managers for tradeoff analyses and decision making.
III. Safety Measures
As noted earlier, the safety of aircraft structures is achieved by designing these structures to operate well in the presence of uncertainties and taking steps to reduce the uncertainties. The following gives brief description of these safety measures.
American Institute of Aeronautics and Astronautics [26] ). That is, aircraft structures are designed to withstand 1.5 times the limit load without failure.
Conservative Material Properties:
In order to account for uncertainty in material properties, FAA regulations mandate the use of conservative material properties (FAR-25.613 [27] ). The conservative material properties are characterized as A-basis and/or B-basis material property values. Detailed information on these values is provided in Volume 1, Chapter 8 of the Composite Materials Handbook [28] . In this paper, we use B-basis values. The B-basis value is determined by calculating the value of a material property exceeded by 90% of the population with 95% confidence. The basis values are determined by testing a number of coupons selected randomly from a material batch. In this paper, the nominal number of coupon tests is taken as 50.
Other measures such as redundancy are not discussed in this paper.
B. Safety measures for reducing uncertainties
Improvements in accuracy of structural analysis and failure prediction of aircraft structures reduce errors and enhance the level of safety. These improvements may be due to better modeling techniques developed by researchers, more detailed finite element models made possible by faster computers, or more accurate failure theories. Similarly, the variability in material properties can be reduced through quality control and improved manufacturing processes. Variability reduction in damage and ageing effects is accomplished through inspections and structural health monitoring. The reader is referred to the papers by Qu et al. [16] for effects of variability reduction, Acar et al. [17] for effects of error reduction, and Acar et al. [18] for effects of reduction of both error and variability.
In this paper, we focus on error reduction through aircraft structural tests, while the other uncertainty reduction measures are left out for future studies. Structural tests are conducted in a building block procedure (Volume I, Chapter 2 of Ref. [28] ). First, individual coupons are tested to estimate the mean and variability in failure stress. The mean structural failure is estimated based on failure criteria (such as Tsai-Wu) and this estimate is further improved using element tests. Then a sub-assembly is tested, followed by a full-scale test of the entire structure. In this paper, we use the simplified three-level test procedure depicted in Figure 1 . The coupon tests, structural element tests and the final certification test are included.
The first level is the coupon tests, where coupons (i.e., material samples) are tested to estimate failure stress. The FAA regulation FAR 25-613 requires aircraft companies to perform "enough" tests to establish design values of material strength properties (A-basis or B-basis value). As the number of coupon tests increases, the errors in the assessment of the material properties are reduced. However, since testing is costly, the number of coupon tests is limited to about 100 to 300 for A-basis calculation and at least 30 for Bbasis value calculation. In this paper, B-basis values are used and the nominal number of coupon tests is taken as 50.
At the second level of testing, structural elements are tested. The main target of element tests is to reduce errors related to failure theories (e.g., Tsai-Wu) used in assessing the failure load of the structural elements. In this paper, the nominal number of structural element tests is taken as 3.
At the uppermost level, certification (or proof) testing of the overall structure is conducted (FAR 25-307 [29] ). This final certification or proof testing is intended to reduce the chance of failure in flight due to errors in the structural analysis of the overall structure (e.g., errors in finite element analysis, errors in failure mode prediction). While failure in flight often has fatal consequences, certification failure often has serious financial implications. So we measure the success of the URMs in terms of American Institute of Aeronautics and Astronautics 5 their effect on probability of failure in flight and in terms of their effect on probability of certification failure.
IV. Structural Uncertainties
A good analysis of different sources of uncertainty in engineering simulations is provided by Oberkampf et al. [30, 31] . To simplify the analysis, we use a classification that distinguishes between errors (uncertainties that apply equally to the entire fleet of an aircraft model) and variability (uncertainties that vary for the individual aircraft) as we used in our earlier studies [32, 33] . The distinction, presented in Table 1 , is important because safety measures usually target either errors or variability. While variabilities are random uncertainties that can be readily modeled probabilistically, errors are fixed for a given aircraft model (e.g., Boeing 737-400) but they are largely unknown. Since errors are epistemic, they are often modeled using fuzzy numbers or possibility analysis [34, 35] . We model errors probabilistically by using uniform distributions because these distributions correspond to minimum knowledge or maximum entropy. Errors are uncertain at the time of the design but they are the same for all copies of a structural component on different airplanes of the same model, while the variabilities vary for nominally identical copies of structural components. To model errors, we assume that we have a large number of nominally identical aircraft being designed (e.g., by Airbus, Boeing, Embraer, Bombardier, etc.), with the errors being fixed for each aircraft.
V. Uncertainty Modeling and Probability of Failure Calculation
We use a simple example of point stress design for yield to illustrate our methodology. The loading is assumed to follow Type I extreme distribution since we consider the maximum load over lifetime. The failure stress is assumed to follow lognormal distribution.
To model uncertainties, it is required to simulate the coupon tests, the element tests and the certification test. At the coupon-level, we have errors in estimating material strength properties from coupon tests, due to limited number of coupon tests. At the element-level, we have errors in structural element strength predictions due to the inaccuracy of the failure criterion used. At the full scale structural-level, we have errors in structural strength predictions, error in load calculation and error in construction. Similarly, we have variability in loading, geometry and failure stress. After all the errors and variability are carefully introduced, the probability of failure can be computed using MCS. Details of the overall uncertainty modeling are provided in detail in Appendix A. Within this uncertainty modeling framework, the effects of structural element tests are considered by using Bayesian updating as discussed in Appendix B.
The simulation of error and variability can be easily implemented through a two-level Monte Carlo simulation [33] . At the upper level different aircraft companies can be simulated by assigning random errors to each, and at the lower level we simulated variability in dimensions, material properties, and loads related to manufacturing variability and variability in service conditions can be simulated. The details of the separable MCS are provided in Appendix C.
The effect of element tests on failure stress distribution is modeled using Bayesian updating. If Bayesian updating were used directly within an MCS loop of probability of failure calculation, the computational cost would be very high. Therefore, Bayesian updating is performed aside in a separate MCS (a brief description of the procedure is given in Table 2 ), before starting with the main MCS loop (a brief sketch of the procedure is provided in Table 3 ). Since the failure stress distribution may have a general shape, we used Johnson distribution to model it, American Institute of Aeronautics and Astronautics 6 which can be represented using four quantiles. The procedure followed for Bayesian updating can be described briefly as follows. First, the four quantiles of the mean failure stress are modeled as normal distributions. Then, these quantiles are used to fit a Johnson distribution to the mean failure stress. That is, the mean failure stress is represented as a Johnson distribution, whose parameters are themselves distributions that depend on the number of element tests as well as the error in failure stress prediction of the elements, e ef . Finally, Bayesian updating is used to update the mean failure stress distribution as in our earlier work [36] . Table 2 . Monte Carlo procedure for the separate Bayesian code (computing statistical properties of quantiles) 1. Calculate the apparent values of the mean and standard deviation of the failure stress from finite number of coupon tests 2. Simulate the element tests (generate random numbers using the true values of the mean and standard deviation of the failure stress) 3. Assume very large bounds for the prior distribution of the mean failure stress and perform Bayesian updating using the results of element tests 4. Compute the quantiles of the updated distribution 5. Perform steps 1-4 for 20,000 times and compute the mean and standard deviation as well as the correlation coefficient between the quantiles Table 3 . Monte Carlo procedure for the main code (computing probability of failure) 1. Compute the allowable stress based on the results of coupon tests 2. Calculate the built average load carrying area using the results of coupon tests (See Appendix A) 3. Generate random numbers for the quantiles of the updated mean failure stress (Updating was performed in a separate Bayesian updating code) 4. Calculate the allowable stress using the quantiles (see Appendix B) 5. Revise the built average load carrying area based on the values of the allowable stress calculated from the coupon tests (step1), and element tests (step 4). See Appendix A for revised area calculation procedure. 6. Using the revised area, compute the probability of failure in service (P f ), and in certification (PFCT).
See Appendix C for P f and PFCT calculation.
VI. Optimization for minimum lifecycle cost
As noted earlier, the main objective of the paper is to perform reliability-based structural design of aircraft together with future tests. The design variables of the optimization problem are chosen as the company knockdown factor k f (see Appendix A, Section C), the number of coupon tests n c , and the number of element tests n e . The reliability-based design of an aircraft structure for minimum direct operating cost (DOC) can be performed by solving the following optimization problem:
The   f nom P term in the constraint is taken as the value of P f when the design variables take their nominal values (i.e., k f =0.95, n c =50, and n e =3). The direct operating cost DOC is related to the design variables as described in the followings.
The cost model used in this study is based on the paper by Kaufmann et al. [37] , which suggested that an optimum cost-effective design finds the proper tradeoff between the minimum weight and minimum manufacturing cost solution. The direct operating cost (DOC) of the aircraft structure can be defined as
where C man is the manufacturing cost, p 0 is the cost penalty due to excessive structural weight, W. In our study, we modify this cost formulation to take into account the cost of the uncertainty reduction measures (C urm ) including tests, quality control, health monitoring, etc. In addition, we dump the manufacturing cost into the cost of excess weight. That is, the DOC is reformulated as
Here, p is the total cost saving attained by reducing the structural weight by one pound. In this study, amongst uncertainty reduction measures (URMs) noted earlier, we focus on tests. Hence, C urm is divided into two elements as urm test urm-other
where C test is the cost of tests, and C urm-other is the total cost of URMs other than tests. In this study, we focus mainly on two types of tests: the coupon tests and the element tests. Thus, C test can be re-written as
where C coupon is the cost of coupon tests, C elem is the cost of element tests, and C test-other is the cost of other tests such as component tests, assembly tests, certification test, etc.
Equations (2-4) can be combined to yield coupon elem other
where other urm-other test-other labor
The direct operation cost can be re-written so as to show its dependence on the knockdown factor k f , the number of coupon tests n c , and the number of element tests n e as
k n n p k n n n n (8)Here, W is the structural weight, p is the weight penalty, C c is the cost of coupon tests, C e is the cost of element tests, and C other refers to the costs that are not affected by the choice of design variables. Since DOC is used within an optimization framework, C other term can be dropped. Details of each term in the cost equation are provided below.
Weight penalty p Curran et al. [38] proposed that the economical value of weight saving is 300 $/kg. Similarly, Kim et al. [39] referred to a recent report by the US National Materials Advisory Board [40] that estimated that a 1 lb weight reduction amounts to a total saving of $200 for a civil transport aircraft. In our study, we vary the weight penalty between $200/lb and $1000/lb and see its effect on the optimum values of the design variables.
The structural weight We take the structural weight of a typical civil transport aircraft as 50,000 lbs. Since the test costs can be attributed to fleet of aircraft rather than a single one, total structural weight of the fleet is considered. Therefore, the weight term in Eq. 
Here A cert is the certified load carrying area, and A nom is the value of A cert when the design variables take their nominal values. We assume that a typical airliner has a production line of 1,000 aircraft before it is discontinued or substantially redesigned, so N a =1,000.
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Test costs
The costs for the coupon tests and element tests are based on personal communications with structural engineers in Turkish Aerospace Industries, Boeing, and NASA. They are taken as $300 for each coupon in a coupon test, and $150,000 for each element tests. Accordingly the respective costs are given as
C elem (n e ) = 150,000×N elem ×n e (in $) (11) where the N mat is the number of different materials tested for a single aircraft model, and N elem is the number different types of structural elements tested. In this study, these values are taken as N mat =80, and N elem =100, respectively.
If the design variables take their nominal values, and p=$200/lb, the DOC is   6 DOC = 200 1,000 50,000 + 300 80 50 + 150,000 100 3 = 10,000+1.2+ 45 10
According to Eq. (12), even for the lowest weigh penalty, the contribution of weight to the cost dominates the cost of tests. So if we can reduce the weight by more than 0.15% by performing an additional element test, then we should choose to do that. This reflects the large number of airplanes (assumed to be 1,000 here) that benefit from the results of the test. We will investigate these tradeoffs in detail in the Results section.
VII. Results
In this section, first the effects of the number of coupon tests and the number of element tests on the weight and probability of failure will be investigated. Then, the reliability-based design of aircraft will be performed for minimum direct operating cost.
A. Response surface generation for weight and reliability index in terms of the design variables
Response surface models (quadratic polynomial with all terms included) are constructed to relate the number of structural tests, and company knock down factors to structural weight, and structural safety for use in the optimization. The input variables of the response surface models and their bounds are provided in Table 4 . Latin hypercube design of experiments is used to generate thirty training points within the bounds given in Table 4 . The built average load carrying area (surrogate for the structural weight) and the probability of failure are computed using Monte Carlo simulations. The accuracies of the constructed response surface models are evaluated by using leave-one-out cross-validation errors. Response surface models are constructed 30 times, each time leaving out one of the training points. The difference between the exact response at the omitted point and that predicted by each variant response surface model defines the cross-validation error. Table 5 provides the root mean square error (RMSE), the maximum absolute error (MAE), the maximum absolute error (MAXE) as well as the mean of the response. Comparison of the error metrics to the mean of response reveals that the constructed response surfaces are quite accurate. Since there are three variables, we fix one variable and plot the variation of the response with respect to other two variables to provide a graphical depiction of the constructed response surfaces. The response surface plots for A cert and reliability index β are given in Figs. 2 and 3 . The figures show that as k f reduces, both A cert and β increases. As the number of tests increases, the load carrying area reduces. As the number of coupon tests increases, the reliability index reduces since the B-basis value increases. As the number of element tests increases, the reliability index increases since the error in failure prediction reduces. 
B. The weight and the number of coupon tests tradeoffs
The change of A cert (surrogate for structural weight) with the number of coupon tests for the same P f is shown in Table 6 . The number of element tests is fixed at three, and the value of k f is adjusted to maintain the same P f . If the number of coupon tests is reduced from 50 to 30, the built average load carrying area is increased by 0.28%. On the other hand, if the number of coupon tests is increased from 50 to 80, the built average load carrying area decreases by 0.24%. The last column of Table shows that when P f . is maintained at its nominal value, the probability of failure in certification test changes only slightly.
Increasing the number of tests from 50 to 80 brings a cost penalty of ΔC = 300×80×Δn c = $720 k, while 0.24% weight saving leads to a cost saving of ΔC = -(0.24%×1,000×50,000)×200 = $-24 M when p=200$/lb. So, it is expected that the RBDO will lead to the setting of n c =80. 
C. The weight and the number of element tests tradeoffs
To analyze the tradeoffs of the weight and the number of element tests, P f can be fixed and the variation of A cert with n e can be explored. The number of coupon tests is fixed at fifty, and the value of k f is adjusted to maintain the same P f . Table 7 shows that if we want to perform only a single element test, then we will need to put 1.43% extra weight to achieve to the same P f . The cost saving by eliminating two element tests is ΔC = -150,000×100×2 = $30 M, while the cost penalty due to adding 1.43% extra weight is $-163 M when p=200$/lb. So, this is not a good route.
On the other hand, if we increase the number of element tests from three to four, we can save 0.34 percent weight, yielding a cost saving of $-34 M even when the weight penalty is at its minimum value of p=200 $/lb. The cost penalty due to an additional element test is $15 M, so it is advantageous to perform four tests. However, increasing the number of element tests from four to five brings only additional weight saving of 0.11%, leading to cost saving of $11 M. Recalling that an additional element test costs $15 M, it is not worthy to perform five tests. If the penalty parameter is taken as p=1000 $/lb, on the other hand, the weight cost saving will be $30 M, so it is now worthy to perform five tests. The effect of reducing the error in failure stress prediction of structural elements is investigated next. Table 8 shows the variation of A cert with the number of coupon tests for the same P f when the bound of error in failure stress prediction of structural elements is reduced from 10% to 5%. It is seen that as the error in failure stress predictions are reduced, the tests becomes less effective so smaller weight can be saved. But still, increasing the number of element tests to four yields 0.24% weight saving, leading to a cost saving of $24 M when p=200$/lb. Recalling that an additional element test costs $15 M, we choose to perform the forth test. Increasing the number of tests from four to five yields only $9 M weight cost saving, so we choose not to perform the forth test.
The variation of the load carrying area with the number of coupon and element tests for 5% and 10% bounds of error in failure prediction of elements are provided in Fig. 4 . It is seen that the tests become more effective when the error bound is large (as expected). Performing five element tests instead of three leads to a weight saving of 0.45% when error bound is 10%, while the weight saving reduces to 0.33% when error bound is 5%, These tradeoff plots accompanied with cost information provide very valuable information to a structural engineer. 
D. RBDO for minimum cost
Using the response surface models constructed, the RBDO problem stated in Eq. (1) is solved by using fmincon function of MATLAB® based on the sequential quadratic programming algorithm. The solution of the optimization problem yields real numbers for the number of tests, but should be integer numbers. To resolve this issue, the following approach is followed. After the optimum solution is obtained as real numbers, the nearest two integers for both the number of coupon tests and the number of element tests are considered, which yields four combinations. For instance, if the optimum numbers of coupon and element tests are found as n c =50.71 and n e =3.26, respectively, then the following four (n c , n e ) combinations are considered: (50, 3), (51, 3), (50, 4) and (51, 4). Then, four each of these combinations, the optimization problem in Eq. (1) is reduced to a single variable optimization problem (in terms of k f only), and the optimum value of k f is calculated. Finally, the combination with the best performance (i.e., with minimum lifecycle cost) is declared as the optimum.
The results of the optimization for minimum cost, when the bound of error in failure prediction of elements is taken 10%, are provided in Table 9 . It is seen from Table 9 that the optimum number of coupon tests is 80 regardless the number value of penalty parameter p for excess weight, since the coupon tests are very inexpensive. It is also found that the optimum values of the number of element tests n e and the knockdown factor k f depends on the penalty parameter for excess weight. If the penalty parameter is taken as p = 200 $/lb or p = 500 $/lb, the optimum number of element tests is four. However, if the penalty parameter is taken as p = 1000 $/lb (or larger), the optimum number of element tests is five, since each pound of weight saving is very valuable. Table 10 shows the results of the optimization for minimum cost, when the bound of error in failure prediction of elements is taken 5%. Table 10 shows that the optimum number of coupon tests is 80 regardless the number value of penalty parameter p. If the penalty parameter is taken as p = 200 $/lb, the optimum number of element tests is four.
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However, if the penalty parameter is increased to p = 500 $/lb, then the weight saving becomes more important, so the optimum number of element tests is increased to five. 
VIII. Concluding remarks
Most probabilistic structural design studies assume that the uncertainties are given and resources are used to compensate for them by making the structure strong enough. Instead, the resources can be allocated for uncertainty reduction measures, URMs, for reducing uncertainties, which would in turn increase the safety. Similarly, the increased safety can be traded off for reducing direct operating cost. It would be therefore beneficial to include the effects of these planned URMs in the design process under uncertainty. This paper proposed probabilistic design of aircraft structures together with future structural tests using probabilistic methods.
The effects of structural tests on safety of aircraft structures were investigated and, it was found when the bound of error for failure prediction of structural elements was 10% that o if the number of coupon tests was increased from 50 to 80 maintaining the same probability of failure, the structural weight could be reduced by 0.24%.
o if the number of element tests was increased from three to four (or five) maintaining the same probability of failure, the structural weight can be reduced by 0.34% (or 0.45%).
o if the bounds of error in failure stress prediction of structural elements are reduced, then the tests becomes less effective and the weight saving reduces.
Reliability-based optimization of aircraft structures was performed and it was found that the optimization results depend heavily on the penalty for excess weight (p) and the bound of error for failure prediction of structural elements. It was also found that the optimum number of coupon tests was 80 (maximum considered), regardless the penalty parameter p and the bound of error, since the coupon tests were very inexpensive. Through solving the RBDO problem, the followings were observed.
o if the bound of error for failure prediction of structural elements was 10%, the optimum number of element tests was four when the penalty parameter was p = 500 $/lb (or smaller), and the optimum number of element tests was five when the penalty parameter is p = 1000 $/lb (or larger).
o if the bound of error for failure prediction of structural elements was 5%, the optimum number of element tests was four when the penalty parameter was p = 200 $/lb (or smaller), and the optimum number of element tests was five when the penalty parameter is p = 500 $/lb (or larger).
The results found for various bounds of error for failure prediction of structural elements basically indicated that if the aircraft companies support research activities that can improve the failure prediction theories, they can reduce the number of structural tests for the same safety and same lifetime cost.
A. Errors in estimating material strength properties from coupon testing
Coupon tests are conducted to obtain the statistical characterization of material strength properties, such as failure stress, and their corresponding design values (A-basis or B-basis). With a finite number n c of coupon tests, the statistical characterization involves errors. Therefore, the calculated values of the mean and the standard deviation of the failure stress will be uncertain. We assume that the failure stress follows normal distribution, so the calculated mean also follows normal distribution. In addition, when n c is larger than 25, the distribution of the calculated standard deviation tends to be normal. Then, the calculated failure stress can be expressed as
where calculated mean and the calculated apparent standard deviation can be expressed as Std  are, respectively, the true values of the mean and standard deviation of failure stress. Note that Eqs. (A1)-(A3) describe a random variable coming from a distribution (normal) whose parameters are also random. In this paper, this will be referred to as a distribution of distributions.
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The allowable stress at the coupon level, ca  , is computed from the failure stress calculated at the coupon level,   cf calc  , by using a knockdown factor,
The knockdown factor d k is specified by the FAA regulations (FAR). For instance, for the B-basis value of the failure stress, 90% of the failure stresses (measured in coupon tests) must exceed the allowable stress with 95% confidence. The requirement of 90% probability and 95% confidence is responsible for the knockdown factor 
The variation of the tolerance coefficient with the number of coupon tests is depicted in Fig. A1 . Note that Eq. (A6) is valid for normal distribution. 
B. Errors in structural element strength predictions
The second level in the testing sequence is structural element testing, where structural elements are tested to validate the accuracy of the failure criterion used (e.g., Tsai-Wu). Here, we assume that structural element tests are conducted for a specified combination of loads corresponding to critical loading. For this load combination, the failure surface can be boiled down to a single failure stress 
where 2d k is the ratio between the unidirectional failure stress and the failure stress of a ply in a laminate under combined loading. If the failure theory used to predict the failure was perfect, and we performed infinite number of coupon tests, then we could predict 2d k exactly, and the actual value would vary only due to material variability. However, neither the failure theory is perfect nor infinite tests are performed, so the calculated value of 2d k will be
where e ef is the error in the failure theory. Note that the sign in front of the error term is negative, since we consistently formulate the error expressions such that a positive error implies a conservative decision. Then, the calculated value of the mean failure stress at the element level can be related to the calculated value of the mean failure stress at the coupon level via
Here, we take 2d k = 1 for simplicity. So, we have      
D. Errors in design
As noted earlier, along with the errors in failure stress predictions, there also exist errors in design and construction. Before starting the structural design, aerodynamic analysis needs to be performed to determine the loads acting on the aircraft. However, the calculated design load value, P calc , differs from the actual design load P d under conditions corresponding to FAA design specifications (e.g., gust-strength specifications). Since each company has different design practices, the error in load calculation, e p , is different from one company to another. The calculated design load P calc is expressed in terms of the true design load P d as
(1 )
Notice here that the sign in front of the load error term is positive while the sign in front of the failure stress error terms were negative. The reason for this choice, as we noted earlier, is that we consistently formulate the error expressions such that a positive error implies a conservative decision.
Besides the error in load calculation, an aircraft company may also make errors in stress calculation. We consider a small region in a structural part, characterized by a thickness t and width w, that resists the load in that region. The value of the stress in a structural part calculated by the stress analysis team, σ calc , can be expressed in terms of the load values calculated by the load team P calc , the design width w design , and the thickness t of the structural part by introducing the term e σ representing error in the stress analysis In this paper, we assume that the aircraft companies have the capability of predicting the stresses very accurately so that the effect of e  is negligible and is taken as zero. The calculated stress value is then used by a structural designer to calculate the design thickness t design . That is, the design thickness can be formulated as Table A1 presents nominal values for the errors assumed here. In the results section of the paper we will vary these error bounds and investigate the effects of these changes on the probability of failure. Applying the error bounds after the Bayesian updating is more useful when we want to fit distributions (e.g., Johnson distribution) to the mean failure stress obtained through Bayesian updating. If we apply the error bounds at the beginning, the distribution after Eq. (B3) will be a truncated one and it will be difficult to fit a distribution with good fidelity. However, if we apply the error bounds at the end, the distribution after Eq. (B3) will be a continuous one and we will high likely fit a good distribution.
So the overall procedure is as follows. Within an MCS loop, we generate random mean and standard deviation values for the failure stress to be obtained through coupon tests. Then, we assume large error bounds to be used in Eq. (B4), simulate element tests and use Eq. (B3) to obtain the distribution of the mean failure stress. Then, we compute the four quantiles of the mean failure stress distribution. Finally, we compute the mean and standard deviations of the quantiles and we model these quantiles as normal distributions. Note that the quantiles are the values of failure stress for CDF values of [0.067, 0.309, 0.691, 0.933].
The quantiles are functions of the number of coupon tests (n c ), number of element tests (n e ), and the error in failure stress prediction (e ef ). At first, we wanted to build response surface approximations (RSA) for the mean and standard deviation of the quantiles in terms of n c and e ef after each element test. So we would have ten RSAs (five for the mean and five for the standard deviation) in terms of n c and e ef . Our numerical analysis revealed, on the other hand, that n c do not have a noticeable effect on quantiles (see Tables B1 through B3 alongside Figure B2 ), and the effect of the error can be represented by just multiplying the quantiles with (1-e ef ) term (see Table B4 ). As noted earlier, the quantiles are assumed to have normal distributions. Figure B3 show the histograms of the first and second quantiles of the mean failure stress (for 50 coupon tests after the third element test when e ef = 0) obtained through MCS with 20,000 samples. We see that the quantiles do not exactly follow normal distributions. The results obtained in this separate MCS loop are used in the main MCS loop for determining the built average load carrying area. The mean and standard deviations of the quantiles are used to fit a Johnson distribution to the mean failure stress. The error bounds are then applied to the Johnson distribution and random values from this distribution are drawn whenever element tests are simulated. Note also that the quantiles are strongly correlated to each other, so this correlation is also included in our analysis while random quantiles are generated in the main MCS loop using Gaussian copula. The reader is referred to the work of Noh et al. [41] for further details of reliability estimation of problems with correlated input variables using a Gaussian Copula. 
